We present the first experimental demonstration of coherent perfect absorption (CPA) in an integrated device using a silicon racetrack resonator at telecommunication wavelengths. Absorption in the racetrack is achieved by Si -ionimplantation, allowing for phase controllable amplitude modulation at the resonant wavelength. The device is measured to have an extinction of 24.5 dB and a quality-factor exceeding 3000. Our results will enable integrated CPA devices for data modulation and detection. Coherent perfect absorption (CPA) is a recently discovered phenomenon, whereby a combination of superposition and critical coupling allows for phase controllable modulation of absorption in a resonant cavity [1, 2] . Utilizing this effect, the on-resonance absorption can be tuned between 0% and 100% of the input power by modulating the phase difference between two inputs to the resonator. Since CPA is based on criticalcoupling [3, 4] , perfect absorption can be achieved for any material absorption coefficient by appropriately designing the input coupling coefficients; meaning that the efficiency of this effect is independent of the resonator quality-factor, Q. CPA has been proposed for a number of on-chip applications, including a method of all-optical switching [5] that obviates the need for nonlinear effects to modulate the round trip phase [6] or absorption [7] , as well as a novel architecture for differential phase shift keying (DPSK) demodulation [8] .
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In this Letter, we experimentally demonstrate CPA at telecommunication wavelengths in a silicon racetrack resonator [ Fig. 1(a) ], which has been fabricated using a standard complementary metal-oxide-semiconductor (CMOS) process. We measure an extinction ratio of 24.5 dB, marking an important step toward the design and fabrication of CPA-based devices for integrated optics. While CPA has been experimentally demonstrated in planar geometries with graphene [9, 10] and bulk silicon [2] acting as absorbers, research into its application to integrated systems has been limited to theoretical proposals [5, [11] [12] [13] . Though similar device topologies have been explored for Fano-resonances [14] , here we deliberately introduce absorption in the racetrack, and design the bus-to-racetrack waveguide spacing for critical-coupling.
CPA can be understood by modeling a generic resonator in terms of loss rates (following a similar formalism to [3] ), namely the steady-state power coupling rate to the resonator from an external source γ c , and the steady-state power loss rate within the resonator due to absorption and scattering loss γ i . For a resonator with a single coupling port, such as a single bus coupled ring resonator, it can be shown that the total power lost in the cavity approaches 100% of the input power, and the escaped power drops to 0% of the input power when γ c γ i , which is a condition known as critical-coupling [3, 4] .
CPA requires two input ports in order to introduce interference between the resonator and bus waveguides [ Fig. 1(a) ]. If the two bus waveguides couple to the racetrack equally such that γ bus1 γ bus2 γ c , and the power input to the racetrack is evenly split between both bus waveguides such that P input1 P input2 P tot ∕2, then the power transmission through either bus waveguide can be expressed as [11] 
where Δω ω − ω 0 , ω is angular frequency, ω 0 is the resonant angular frequency, and γ tot 2γ c γ i is the total loss rate of the cavity. In the CPA geometry shown in Fig. 1(a) , the criticalcoupling condition can be modified to include both bus waveguides such that γ i 2γ c , which can be seen from Eq. (1) to produce a notch filter when Δϕ 0 (OFF), and an all-pass filter when Δϕ π (ON) at the resonant wavelength [11] . On-resonance (Δω 0), the transmitted power out of each arm simplifies to [1, 2, 11] :
The racetrack resonator used in our experiment was fabricated using a standard CMOS process with a siliconon-insulator (SOI) platform at the Singapore Institute of Microelectronics (IME) and is comprised of a 220 nm silicon device layer with a 2 μm buried SiO 2 layer. Waveguides are formed by a rib/ridge structure, and the entire chip is clad with SiO 2 except for the two curved regions of the racetrack where windows have been etched to allow for Si -implantation as shown in Fig. 1(b) . The ion-implantation windows can be seen more clearly in the false color scanning electron microscope (SEM) image shown in Fig. 1(c) . The aluminum contacts shown in Fig. 1 (c) were added to extract photocurrents generated in the racetrack, but were not used for the experiments presented here.
The geometry of the Si racetrack resonator has been carefully designed for critical-coupling with dimensions given in Figs. 1(a) and 1(b) . The Si -implanted curved sections define γ i as the Si -implantation in Si is known to induce material absorption in the C-band with a modal absorption coefficient α of 100 to 250 dB/cm through the creation of divacancy lattice defects [15] [16] [17] [18] [19] . To the first order, the loss rate is related to α by the group velocity v g in the following way:
The bus-coupling segments of the racetrack are used to control γ c , which is approximated to first order as γ c sin 2 κL c v g ∕L tot , where κ is the bus-to racetrack-coupling coefficient [20] , L c is the length of the coupling region, and L tot is the total linear length of the racetrack. The finite element method (FEM) calculated values for γ c as a function of edgeto-edge waveguide distance d are shown in Fig. 2 . A coupling gap of 320 nm is chosen to match the loss rate of Si -implanted Si, and values of γ i and γ c obtained from fits to the data in Fig. 4(a) are also plotted in Fig. 2 . The measured γ c matches the design value, and that of the device is nearly criticallycoupled with γ i 1.8γ c .
CPA was observed via the two separate measurements illustrated in Fig. 3 . For both experiments, the two inputs to the racetrack are produced by splitting and phase-shifting a tunable laser source (TLS) using fiber optics external to the chip. Both laser inputs were then coupled to the chip using a 38 μm-pitch fiber array and on-chip holographic grating couplers. For both measurements, the TLS was set to 3 dBm, and much of the excess loss seen in Fig. 4 is due to the peak wavelength supported by the grating couplers being at λ ≈ 1.51 μm, with a grating bandwidth of ≈ 60 nm. The relative phase between the two inputs is controlled by a LiNbO 3 electro-optic phase modulator (Sumitomo T-PM1.5-10-Y-Z) in one input path, which is biased to its operating point using either a fixed voltage supply [ Fig. 3(a) ] or function generator [ Fig. 3(b) ]. A variable delay line (VDL) (General Photonics VDL-001) is included in the other input path in order to equalize the path length of both input arms.
The first measurement was performed with the TLS synced to an optical spectrum analyzer (OSA) as shown in Fig. 3(a) . This allowed for fast wavelength sweeps to be performed at a rate of 250 ms per sweep in order to overcome long-time-scale phase noise from the input fibers, which was caused by small fluctuations in the ambient temperature. Each of the two bus waveguide transmission outputs of the device was directly connected to the OSA to capture its response. phase shift set to Δϕ ≈ 0, the transmission spectrum of the resonator was measured [ Fig. 4(a) ], and the data was fit to Eq. (1) to find the center wavelength and loss rates. The measured center wavelength was then used for the phase modulation measurement described subsequently.
The second set of data was obtained using the experimental setup shown in Fig. 3(b) . For this measurement the TLS was held at a constant wavelength that corresponds to the racetrack resonance of λ 1546.12 nm, measured from Fig. 4(a) . Transmission was then measured by a photodiode (Thorlabs PDA20CS), which was connected to a National Instruments CA-1000 data acquisition (DAQ) interface. LabVIEW was used to synchronize a function generator to provide a linear voltage ramp from 0 to V π that was applied to the electro-optic modulator (EOM), thereby inducing a phase difference between the two inputs of the racetrack resonator which varies from Δϕ 0 to Δϕ 4π. The DAQ samples at 1 kHz, corresponding to the frequency of the generated ramp voltage signal, and the resulting phase modulation data are plotted in Fig. 4(b) .
The transmission measurements through the resonator for one resonance are shown in Fig. 4(a) . The shaded gray area in Fig. 4(a) corresponds to one standard deviation about 11 consecutive wavelength sweeps from the measurement setup in Fig. 3(a) . Note that a higher frequency variation can be discerned in the measured data; this behavior is a result of a residual Fabry-Perot etalon created between the input and output coupling fiber-coupler facets. The facet-to-facet length matches the cavity length necessary to obtain an etalon with a free spectral range as that seen in the higher frequency modulation in Fig. 4(a) . The solid red curve represents the least squares fit to Eq. (1), where the decreasing transmission with a wavelength caused by the holographic grating couplers has been normalized out. The resulting fit parameters are as follows: γ i ∕2π 29.4 0.5 GHz, γ c ∕2π 16.6 0.3 GHz, and λ 0 1546.12 nm. The fit parameters are used Eq. (1) to calculate the transmission versus the wavelength with Δϕ π [solid blue curve, Fig. 4(a) ].
The Q-factor of the resonator at Δϕ 0 was found to be greater than 3000 from the fit, where Q ω 0 γ tot . An absorption coefficient of α 150 dB∕cm for the absorbing state (Δϕ 0) was found using a modal group velocity of v g c∕3.8, as determined by FEM modeling. The measured value of α matches previously measured modal absorption coefficient values for unannealed ion-implanted Si waveguides [16, 19] . We note that our device can be designed for a range of Q-factors by adjusting the ratio of R∕L tot to set γ i , and modifying the coupler region such that γ c γ i ∕2.
The phase dependent transmission of the racetrack onresonance is shown in Fig. 4(b) , with the measured data appearing as dots and the theoretical fit appearing as a solid line. The data is again least-squares fit to Eq. (1) using only a single parameter to capture differences in the coupling loss between the photodiode (PD) and the OSA. The extinction ratio of the device is found by calculating the difference between the on-resonance power with Δϕ 0 and Δϕ π, using the fit parameters from the measurements described above. From Eq. (1), an expression for the extinction ratio in terms of loss rates can be derived:
which results in an extinction ratio of 24.5 dB using the fitted values of γ c and γ i . While the modulation seen in this device clearly demonstrates the CPA phenomenon, the extinction ratio can be further improved by fine-tuning the loss rates to get closer to critical-coupling. From our fitted data, we have shown that γ i 1.8γ c , which indicates that our resonator is very slightly over-coupled. As can be seen from Eq. (3), any deviation from critical-coupling results in a penalty to the extinction ratio. While the coupling rate of our device can be accurately controlled by varying the gap distance between the input waveguides and the resonator (Fig. 2) , the internal loss rate is set by Si -implantation, which is subject to the variation of our fabrication process. Note that achieving perfect extinction implicitly requires that the two input modes must be identical, meaning that the input power, mode profile, and polarization of the two inputs are perfectly matched. Due to the off-chip phase modulator, it was necessary to also separate the two inputs off-chip. With these two separate light paths, all three of the parameters mentioned above could be varied independently. In addition, as is well known in hybrid fiber/waveguide devices, mating to off-chip devices leads to significant phase noise. Thus, moving the phase modulator on-chip by using the free-carrier effect [6] or thermo-optic effect [14, 21] will lower our phase noise.
To alleviate the variances associated with ion-implantation to control cavity loss, other loss mechanisms such as scattering loss and coupling loss can be utilized in place of material absorption [11] , allowing for CPA to be achieved solely through the control of bus-to-resonator coupling gaps. Dynamic control of the coupling loss rate can be achieved by incorporating variable couplers, as was done in [21, 22] . This, along with the integration of on-chip PDs for the detection of dissipated power in the off state, are important features that will make up the future direction of new devices for phase-based modulation formats with built-in wavelength filtering. In particular, our current chip has the option of utilizing an integrated PD within the Si -implanted regions of the resonator for enabling signal demodulation. This functionality can also be achieved using Ge PDs, albeit with additional processing steps. For example, in a differential coherent modulation scheme such as DPSK, the input of DPSK data could then yield amplitudemodulated data for direct detection [8] . DPSK data affords for higher receiver sensitivity with balanced detection and greater signal integrity. With the inherent wavelength-division multiplexing (WDM) compatibility of ring resonators, the possibility of WDM-DPSK through coherent detection can be envisioned.
In conclusion, we have demonstrated on-chip, phasecontrolled modulation through CPA. The resonator is characterized to have an extinction ratio of 24.5 dB when switched by π radians in phase with a cavity Q-factor exceeding 3000. This experimental demonstration marks an important step toward the realization of CPA-based integrated devices. 
